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One-Point Recalibration of Heterogeneous Enzyme Immunoassays with Non-Linear Calibration Curves
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We have investigated one-point recalibration of heterogeneous enzyme immunoassays involving nonlinear calibration curves.By usinga factor determinedfrom a singlestandard we updated calibration curves obtained earlier by means of multiple-point determination. The prerequisite for this method is a reproducible working procedure, i.e., as ensured by a fully mechanized system. In our investigations with Enzymun-Test#{174} system ES 600 (Boehringer Mannheim) we determined a1-fetoprotein, carcinoembryonic antigen, digoxin, ferritin, thyroxin-binding globulin, triiodothyronine, and thyroxin in human serum pools over a period of two weeks with both full calibration and one-point recalibration. Comparisons of the results thereby obtained show that the means of the concentrations and the CVs for the alternative calibration procedures differed negligibly, even if we used reagents exposed to different temperatures for different periods of time. With the one-point recalibration procedure presented here, therefore, one can considerably reduce the time and effort spent on calibration.
Additional Keyphrases: analytical error generality of application to other analytes economics of laboratory operation
Since the introduction of quantitative immunological methods such as radloimmunoassay (RIA) (1) and enzyme immunoassay (ELA) (2) for routine analysis in the clinical chemistry laboratory, especially of large molecules in low concentrations (e.g., AFP, ferritin, carcinoembryonic antigen), there has been practically no change in the proportion of effort expended on calibration procedures.3 As the relationship between the measured signal and analyte concentration to be determined is not linear in most immunoassays, multiple-point calibration is usually necessary. Use of this calibration makes it possible to draw up a calibration curve for the measurement range and determine the concentrations of the samples to be analyzed. Numerous procedures have been described (3-6) for calculating the calibration curves. All of them require a certain number of standards for use in the calculation. Because immunoassays are unstable systems it has, until now, been necessary to include a complete series of standards for every run in most of these assays.
Occasional attempts to minimize the number of measurements required for calibration have been described, particularly for homogeneous EIAs for determinations of drugs.
Two such procedures (7, 8) T3, triiodothyronine; T4, thyroxin.
curve is stable and correct the measured signalby including a zero calibrator in each series. Before the results for the samples are read from the corrected calibration curve, the accuracy of the correction is checked by assaying control sera (8). Recently, a two-point calibration method based on data frot' the last calibration procedure has been described for the rapid determination of emergency parameters by RIA (9).
On the assumption of a linear dose-response function, Bock et al. (10) have recommended a two-point calibration with a zero standard and another standard for some EIAs (10).
The recent availability of a fully mechanized procedure for carrying out ELISAs permits a reproducible working procedure in which all of the important parameters are controlled (unpublished data). We therefore considered reducing the effort expended on calibration for this type of procedure, replacing it with one-point recalibration. In this approach we corrected a previously completely measured calibration curve for the following runs, done within a certain period of time, using the measurement for a single standard. The corrected curve is then used to establish the values measured in the samples.
Here we discuss the effects of the variables that influence the measuring signal and demonstrate the validity of the proposed procedure by comparisons between full calibration with several standards and one-point recalibration.
Materials and Methods
instrumentation
All ELISA-type measurements with coated tubes were carried out with the Enzymun-Test#{174}system ES 600 (Boeh- 
Reagents
Heterogeneous ELAs for AFP, CEA, digoxin, ferritin, TBG, T3, and T4 (Enzymun-Test#{174} Diagnostics) were used in the investigations. The procedures thus included competitive assays and one-step and two-step"sandwich"-type assays.
Sample Material
For most of the investigations we used pooled human serum of differing concentrations, made up for each test; aliquots were then frozen. One experiment included the measurement of a control serum (Precinorm#{174} IM, Boshringer Mannheim).
Procedure
In most of our investigations, the reagents were treated according to the recommendations in the product inserts. Reagents used in this way are referred to below as "fresh reagents."
Because reagent exposure, e.g., storage at elevated ternperatures, can affect the measuring signal, we also included in our investigations reagents exposed to different storage conditions.
Fresh kits and kits stored for three weeks at 37 #{176}C were compared, the reagents used being taken from their original packs. For these two initial exposure stages, we either used freshly prepared solutions or the stock solution of the conjugate stored for an additional week at 4 #{176}C. In another study we stored the ready-for-use conjugate working solution for 8 and 16 h at 20 #{176}C in addition to the above-mentioned conditions. Thus we tested eight different storage conditions for each test, ranging from completely freshly dissolvedreagentsfrom the original pack (i.e., no
up to a temperature-exposed pack with "exposed" working solution preparedfrom "exposed" conjugate stock solution.
For each test with fresh reagents, we carried out 10 independent runs, using the same human serum pool, within a period of two weeks. The complete series of standards was measured for every run, to permit evaluation with full calibration or one-point recalibration.
The calibration curve obtained from the first run each time was used as the reference curve for one-point recalibration.
We adopted a similar procedure for making measurements with the "exposed" reagents carrying out eight runs corresponding to the eight differing "exposure" stages. Measurements of standards with freshly prepared reagents were used for drawing up the reference curve.We completedall measurements within two weeks.
In all cases, standards were determined in duplicate, whereas samples were measured in singletons.
For one-point recalibration procedures, we chose as recalibration standard a standard containing a concentration of analyte in the middle of the measuring range of the respective assay, because the lowest imprecision is ordinarily observed in this range. The third standard was used for assays containing five standards (CEA, digoxin, TBG, T3, T4) and the fourth for assays with six standards (AFP, ferritin).
Calculation Procedure
The ES 600 software contains four different curve-fitting procedures for calculating the calibration curve: spline, hyperbola, inverse hyperbola, and an algorithm similar to the four-parameter logistic function4 (4) (5) (6) . When measurement of the complete series of standards is carried out for a test, the calibration curve is calculated in accordance with the selected procedure and this curve is then stored as a reference curve (curve 1; Figure 1 ).The absorbancevalues (e.g., 1.241A, Figure 1 ) calculated from the fitted calibration curve ofthe reference run are used in the recalibration procedure described below and not the measured ones (e.g., 1.284A, Figure 1 ).Only one standard is then measured in thefollowing runs ofthistest, with reagentsfrom the same batch.The absorbanceofthis standard (e.g., 1.080A, Figure  1) is then divided by the absorbanceof the corresponding standard in the reference curve (e.g., 1.241A, Figure 1) . With the aidofthefactor(e.g., 0.870, Figure 1) The one-point recalibration causes a shiftin the position of the reference curve without changing its form (Figure 1 ). The reference curve is transformed to a position set by the recalibration standard. The relative position of its absorbance to that of the corresponding standard in the reference curve determines the degree of shift involved.
Results and Discussion
Between-run changes in the measuring signal are generally proportional in enzyme iinmunoassays (Figure 2 ). The fully calibrated curves for CEA (curves 1, 2, and 4 in Figure  2) show very clearly the decreasing absorbance with increasing "exposure"; we obtained curve 2 from reagents with an "exposed" pack and curve 3 with reagents from the highest "exposure" stage. One-point recalibration with the described multiplication procedure, with use of fresh reagents as the reference (curve 1; Figure 2 ), clearly shows that the absorbances change proportionately. The calculated, recalibrated curves (curves 3 and 5) basically correspond to the fully calibratedcurves(curves2 and 4; Figure 2 ). Fig. 2 . Fully calibrated curves using fresh reagents (reference curve, curve 1) and two sets of reagents grven two different degrees of exposure' (curves 2 and together with their respectiverecalibrated curves using a single standard (curves3 and 5)for CEA Standardusedfor recalibrationis markedwith anon's.Cu,ves2,3: kitsstoredfor threeweeksat35#{176}C;curves4, 5:kits'exposed'asforcurves2,3plusstorageof conjugatestocksolution for one week at 4 "C plus storage of ready-for-use conjugate working solution for8 h atroomtemperature Differences in conjugate concentrations and activities always lead to relative changes in the absorbances measured. Competitive and sandwich-type assays behave in the same way here. Practically all of the reagent effects and a large proportion of the variables due to the instrument also result in proportionate shifts of the absorbances. Exceptions to this are the washing intensity, because of its effects on nonspecific binding, and contamination of the photometer.
CEA pg/LI
Monitoring of the required wash-water volumes and washing times that are specified for every individual test are guaranteed by the ES 600; if predefined limits are exceeded a warning is given and, if necessary, the tube involved is excluded from further processing steps. Contamination of the photometer can be virtually ruled out because of the cleansing specifications for the ES 600 and an automatic check of the photometer at the beginning of each run.
Additive changes due to large deviations in the incubation temperatures and times can be ruled out, because these variables are precisely controlled by the ES 600 and can therefore be maintained very reproducibly.
The validity of a recalibration procedure can best be assessed via a comparison of data obtained on the one hand with full calibration and on the other with recalibration. For this purpose, we measured the same materials in 10 independent series within a period of two weeks. Measurements of this kind are generally used for determining the day-to- day imprecision of a method. We determinedthe concentration means and the CVs for all 10 series, using both calibration procedures for the individual human serum pools. if the CVs for a test done with use of the two calibration procedures are similar, then the imprecision caused by one-point recalibration can be regardedas slight in relation to the total imprecision. Deviations in the concentration means can bring to light systematic influences of the recalibration procedure. This is particularly important in the assessment of measurements made on reagents exposed to various influences. A comparison of concentration means and CVs for the day-to-day precision yielded good agreement for the two calibration procedures for T4, digoxin, AFP, ferritin, and CEA ( Table 1 ). In general, we found slightly higher CVs for the recalibration procedure, because the imprecision of the measurement of the recalibration standard makes a contribution here. At very low concentrations CV differences of 5% were found for AFP and ferritin, although the concentration means were practically identical. This is undoubtedly due to the fact that the variance in these ranges is not balanced by the recalibration standard to the same extent as it would be by full calibration (Table 1 ).
An expected reduction in the imprecision at low concentrations would lead to a matching of the CVs from full calibration and one-point recalibration. The variances of the calibration curves in the low range would then be lower and a singly measured individual value of the calibration curves would then describe the course of all possible reference curves more exactly.
Differences between the means of measurements obtained by using full calibration and one-point recalibration are generally less than 5%. We observed somewhat higher differencesfor CEA: 0.5 ug/L at 4 .&g/Land 0.6 g'L at 10 zgfL (Table 1) . However, these deviations are of no clinical significance, because they are less than the intra-individual variance (11).
Our investigations
on "exposed" reagents ( Figure 2) show that this one-point recalibration procedure is also capable of correctlycalculatingcurves that are clearly flatteras the reference curve. The highest stage of"exposures" used led to reagents producing a measuring signal 50 to 70% lessthan that obtained with fresh reagents. The proffle for day-to-day imprecision on fully calibrated and recalibrated series of AFP shows good agreement of the means of the human serum pools measured (Figure 3) . Although the CVs are in general somewhat higher with the "exposed" reagents, this is due to the clearly flatter calibration curves obtained with the more strongly "exposed" reagents ( Figure 3 ; Table 2 ). However, we could not ascertain any significant difference between the concentration means or the CVs on using full calibration and one-point recalibration.
Hence, even under these extreme conditions, which do not normally occur, one-CV 1% AFP Fig. 3 . Profile of the day-to-day imprecision (n =8) for AFP using full calibration () and one-point recalibratlon(#{149})
The indIvidual runs were carried out with reagents given the eight differing degreesof "expoeure"and with use of 10 dIfferent humanears tions(mean value 4.9 jig/L), but these differences never amount to more than 0.4 pg/L. No drift could be detected in any of the seven pools analyzed (mean values from 0.77 to 4.9 g/L). We observed an excellent differentiability at the limits of the reference range (0.7-1.8 g/L). We recommend that one validate every run with the measurement of control sera regardless of whether it was a frilly calibrated one or one with one-point recalibration.
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Therefore, the user should follow the customary control 88 scheme-which is a built-in feature of the software of ES 600. For each test different control sera can be defined, which allows surveillance of imprecision and accuracy.
3.7
In addition, the measured absorbance of the recalibration 3.5 3.6
standard and the actual value of the recalibration factor are
2.3
reported by the instrument.
One-point recalibration involving the multiplication procedure described above thus provides a good possibility for clearly reducing the calibration effort for ELISA tests without putting the necessary precision and accuracy of the results in jeopardy. An important prerequisite for this procedure is, however, that the assay procedure be fully mechanized, to ensure the necessary reproducibility of peripheral conditions.
We appreciate the useful suggestionsof V. Ehrhardt during manuscript preparation. In addition to "exposure"-mediated changes (Figure 2 ), the necessity for one-point recalibration for immunoassays containing enzymatic reaction steps can be seen from the data on day-to-day imprecision for T4 (Table 3 ). The mean concentrations for determinations that were only fully calibrated on the first day and then subsequently read from this single calibration curve directly differ greatly from those obtained by using full calibration and one-point recalibration. The means for the latterare nearly the same, whereas the CVs obtained are different. For one-point recalibration and single calibration, however, the CVs are about the same. These results demonstrate that using a single calibration curve could give false concentration values.
As shown by our investigations using "exposed" reagents, one-point recalibration permits the correction of variations that can occur as a result of changes of reagents. This is particularly important when the same prepared reagent is to be used for several runs.
To demonstrate the stability of the one-point recalibration procedure over a period of two weeks we determined CEA and T3 in several human serum pools. For CEA, with five sera tested in the concentration range from 2.3 to 11.0 pg/L we observed no drift; even sera with mean values of 2.3 and 3.2 1.tgfL could be clearly differentiated.
The T3 determinations showed a certain degree of scatterat high concentra-
